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Abstract

The International Space Station (ISS) is a collaborative platform for advanced
research in microgravity, significantly contributing to cancer studies, drug
development, and tissue engineering. Since its assembly in 1998, the ISS
has become an invaluable environment for experiments not possible on
Earth. A key focus is organoid development – miniature, 3D human organ
models grown in space, offering insights into disease mechanisms, drug
responses, and regenerative medicine. Microgravity promotes scaffold-free
tissue formation, advancing neurodegenerative disease research and thera-
peutic discovery.

Cancer research on the ISS has expanded since the 2010s, using micro-
gravity to grow 3D tumor models that mimic human tumors more accurately
than Earth-based systems. These studies have improved our understanding
of cancer cell behavior, chemotherapy resistance, and immune responses,
driving new drug development. NASA’s collaboration with initiatives like the
Cancer Moonshot accelerates cancer research in space.
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Figure 1 Different pathways in the creation of organoids. The process begins with stem
cells, which are cultured in differentiation media to induce the differentiation of specific cell
types The differentiated cells can be cultured in in 3D conditions to form organoids. The series
of steps highlights the transitions from stem cells to differentiated cells that could be applied
in space to form organoids. This basic diagram could be relevant to the formation of any type
of organoid.

Emerging biomarker studies in space are enhancing early cancer detection
and environmental monitoring. Additionally, ISS research on radiation-
induced DNA damage has led to improved diagnostic tools, such as
microsatellite instability (MSI) tests, which aid in cancer detection and
treatment planning. Overall, the ISS continues to push boundaries in biomed-
ical research, offering novel insights that are transforming cancer biology,
regenerative medicine, and precision health, with far-reaching implications
for human health on Earth and beyond.

Keywords: Aerospace medicine, cancer, oncology, biomarker, organoid,
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Space Science History

The International Space Station (ISS) was built in space, analogous to a
LEGO set with 16 pressurized modules. The ISS is powered by eight gigantic
solar arrays that generate 735,000 kW-hours of electrical power per year,
covering an area of 2247 m2 (24,187 ft2). There are consistently seven
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astronauts and cosmonauts habiting the station [1]. The modules were taken
into space aboard NASA’s Space Shuttle program covering 36 flights for
several missions spanning over 10 years [1].

A staple of being an astronaut on the ISS is performing space walks,
formally known as extra-vehicular activity (EVA). This type of activity has
been conducted on Earth orbit (ISS), the moon’s surface (Apollo Missions),
and in deep space between the Earth and Moon. The primary focus of the
ISS is to promote international cooperation and to expand research and
understanding of life in microgravity [1].

Prior to establishing the ISS, there were early concepts of space stations.
In the 1960s and 1970s, both the United States and the Soviet Union had
competing space station programs. The Soviets launched Salyut (1971–1986)
and Mir (1986–2001), while the US developed Skylab (1973–1974) [2, 3].
However, the idea of a permanent space station gained traction. The goal was
to conduct long-term scientific experiments in microgravity, but international
cooperation was limited.

In 1984, the US president announced plans for Space Station Freedom,
a precursor to the ISS, as a purely American effort. However, budget con-
straints and technical challenges delayed progress. The fall of the Soviet
Union created an opportunity for collaboration between former rivals. In
1993, the US and Russia, along with space agencies in Europe, Japan, and
Canada, decided to merge their efforts into a single ISS program [1–3]. This
marked the beginning of the ISS, with modules and components contributed
by different nations. The ISS was designed to serve as a space laboratory
for international scientific research, human spaceflight studies, and Earth
terrestrial observations. The first component of the ISS, the Russian Zarya
module, was launched on 20 November 1998. Over the next decade, various
modules from NASA, Russia’s Roscosmos, the European Space Agency
(ESA), and Japan’s JAXA were added. The assembly of the station in orbit
was one of the most complex engineering tasks ever undertaken.

Early research on the ISS focused on life sciences, studying the effects of
long-duration spaceflight on human health. These experiments were essen-
tial for understanding how the human body reacts to extended periods of
weightlessness, with implications for future missions to Mars and beyond.
Experiments in physics, materials science, and biology began in earnest
as laboratory modules from different countries came online. The scientific
information expanded with collaborative roles of academic research send-
ing samples to the ISS and then to study differences in their respective
laboratories on Earth.
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Research on the ISS in the 2010s–2020s provided insights into how
microgravity affects a broad array in science. This includes fluid dynamics
and combustion to the behavior of cells and organisms. The Alpha Magnetic
Spectrometer (AMS-02), installed in 2011, has been searching for dark matter
and cosmic rays, contributing to our understanding of the Universe [4].
Relative long stays of Mr. Scott Kelly and Mr. Mikhail Kornienko aboard
the ISS allowed for the collection of extensive data on the physical and
psychological effects caused by extended spaceflight.

The ISS continues to provide valuable data for understanding climate
change, natural disasters, and other terrestrial systems through instruments
like the Hyperspectral Imager Suite (HISUI) [5]. The ISS is a proving ground
for new technologies needed for deep-space missions. This includes closed-
loop life support systems, advanced robotics, and new space habitats [2, 6].
The ISS continues to be a symbol of international scientific cooperation, with
ongoing contributions from Russia, Japan, Europe, and North America.

Organoids Research

Organoids are miniaturized, three-dimensional structures grown from stem
cells in a laboratory that can mimic the architecture and functions of human
organs [7, 8]. Organoids permit the study of behaviors that require 3D
organization, overcoming a key limitation of 2D surfaces associated with
traditional mammalian cell culture techniques. Traditional mammalian cell
culture on Earth is further limited by gravity, which forces cells towards
the surface of the culture plate or dish, impairing the formation of 3D
structures [9]. The current biological models of relevant 3D structures on
Earth have limitations such as halting to move towards larger size. As an
example, internal cells remote from the fluid environment could be subjected
to hypoxia or a lack of nutrients due to a lack of internal vascularization. The
research continues among biologists and material scientists to establish 3D
models.

The question is whether scientific studies in space can improve organoids.
This is important for the broad relevance to health. Organoids can rapidly
screen drugs with the benefit of limiting use of animals. Indeed, the literature
reported on techniques to establish more biologically relevant 3D structures
on Earth. However, it appears that there could be advantages of microgravity
with respect to organoids. The evidence indicated that microgravity can
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facilitate the formation of organoids and scaffold-free 3D tissue forma-
tion [10]. The conditions of the space environment offer an opportunity to
serve as a platform to establish organoids like human organs. The develop-
ment of closely mimicked organoids could enhance studies to understand
disease progression. Other benefits included screening and drug discovery
for neurodegenerative diseases. The latter is impactful since about 50 million
Americans each year are affected by neurodegenerative diseases, which are
caused by the gradual loss of neural cells towards degeneration. The ISS
National Laboratory researchers are investigating the mechanisms behind
these and other neurodegenerative diseases.

Organoids can be used to study disease and development and have been
used in space to study how microgravity, radiation, and other factors affect the
human body. Organoids have been studied in space since 2019 [11]. Models
such as the brain, heart, and breast have already been grown on the ISS. To
understand microgravity’s impact on the production of stem cells and stem
cell-based products such as organoids, researchers from Cedars-Sinai are
investigating the reprogramming of skin fibroblasts into induced pluripotent
stem cells (iPSCs) capable of producing a variety of tissue cells – heart, brain,
and blood – that could be used in regenerative medicine therapies [11]. It is
noteworthy that microgravity can cause premature aging and degenerative
processes in organoids. We previously reported on a summary of premature
aging in microgravity [12].

The ISS is a closed environment, and astronauts must adapt to a new
habitat while visiting the ISS. Among several challenges, the astronauts’
skin shows a rash or dermatitis and aging because of alterations in the
dermis composition linked to anemia, reduction in oxygen saturation, or
dehydration [13]. Consequently, the process of wound healing presents a
challenge in space. The ESA supports projects to study these common issues
like tissue healing in space and has developed new techniques for promoting
and monitoring tissue repair and regeneration. The two main projects “Wound
Healing in Space: Problems and Perspectives for tissue regeneration and
engineering – WHISPER” and “Wound Healing and Sutures in Unloading
conditions – SUTURE IN SPACE” are focused on surgical wounds and
tissue repair mechanisms in space flights. The research has demonstrated that
microgravity causes a delay in healing and tissue structure alterations, as well
as impairment in fibroblast migration in wound repair and that platelet-rich
plasma (PRP) could be used to prevent these changes [14, 15].
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Cell Biology Biomarkers

In contrast to the emphasis on organoids, there have been very few studies on
biomarkers aboard the ISS. A biomarker could be identified as any molecule
in blood, body fluids, or tissues that indicates a normal or abnormal process,
condition, or disease [16]. It can be used during clinical diagnosis and/or
to monitor treatment response. Biomarkers are also referred as molecular
markers or signature molecules. For example, studies have reported that astro-
nauts exposed to months of microgravity in the ISS had weakened the inner
structure of load-bearing bones that represented at least a decade of normal
age-related bone loss, potentially enhancing the onset of osteoporosis [17].

In cancers, biomarker testing can aid in the detection of specific gene
or chromosomal changes that might raise an individual’s risk for cancer
or other diseases. It helps plan treatments, evaluate treatment effectiveness,
make prognoses, and predict if cancer will return or spread.

Several studies have shown the mechanisms by which spaceflight induces
changes in cancer cells. Microgravity influences various biological processes
such as survival, apoptosis, adhesion, focal adhesion, migration, growth,
cytoskeleton arrangement, extracellular matrix, growth factors, and several
signaling pathways such as PAM, MAPK, and VEGF [17, 18]. To elucidate
the mechanisms behind the effects of microgravity on cancer cells, omics
studies in space have evolved as a rapid area of research. The NASA GeneLab
allows open sciences for this space research [19, 20]. This study is the
first comprehensive space-related omics database and contains transcrip-
tomics, genomics including metagenomics and epigenomics, proteomics, and
metabolomics data from space, and µg simulation studies performed on
Earth [21].

Studies are conducted to develop biosensors that leverage the unique
properties of microgravity to improve the detection of cancer biomarkers
and microplastics [22]. In space, the absence of gravity allows bubbles
in liquids to grow larger and last longer, enhancing the concentration of
microscopic substances for analysis, and making it amenable to serve as a
potential biomarker. This improved sensitivity could lead to earlier detection
of cancers from a single drop of blood and more accurate identification of
pollutants like nanoplastics in ocean water. This research also highlights dual-
use applications, benefiting both terrestrial and space environments. In the
future, these biosensors could assist astronauts in deep-space missions by
monitoring health or checking water contamination.

Space travel also impacts cell aging with concomitant disruptions in
metabolic pathways. Interestingly, these disruptions are akin to those seen
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in rare inherited metabolic disorders [23, 24]. Insights gained from space
research could advance precision health on Earth and in space by validat-
ing improved biomarker-based risk scores and exploring new hypotheses
and therapeutic targets. A recent review by Ferraro et al. describes this
research in detail [11]. Recent reports have shown that spaceflight induces
complex molecular damage, such as oxidative stress and DNA double-
strand breaks, which parallels the genetic and epigenetic alterations observed
in rare metabolic disorders [23–25]. In addition, it has been discovered
that the disruption of metabolic processes in space, such as glutathione
depletion and altered betaine metabolism, impacts cell membrane integrity
and lipid metabolism, reflecting changes like those seen in these inherited
metabolic disorders. Further, microgravity affects the endo-lysosomal system
and autophagy, altering gene expression, protein modification, and biochem-
ical markers, which may provide valuable insights into neurodegenerative
disorders and cancer. Astonishingly, the investigators highlight research that
has shown that spaceflight influences cytoskeletal morphology and func-
tion, affecting normal and cancer cell behavior, and contributing to muscle
and bone atrophy, revealing potential links between cytoskeletal changes
and cancer metastasis [16]. In conclusion, these findings in microgravity
offer opportunities for developing new treatments by improving our under-
standing of mitochondria–lysosome interactions and cytoskeletal dynamics,
potentially leading to advances in managing rare metabolic disorders and
cancer.

ISS Cancer Research, Drug Discovery and Immunotherapy

In 2016, the White House launched the Moonshot initiative. NASA repre-
sentatives, scientists, physicians, and researchers collaborated with the US
federal government to fund national cancer investigations. Cancer contin-
ues to be the second most common cause of death in the US, after heart
disease [17]. Cancer patient management requires a multidisciplinary team,
mostly due to the paucity of early detection protocols, treatment options, and
survival rates.

The ISS National Laboratory is uniquely poised to develop unique
research platforms to advance the President’s Cancer Moonshot initiative.
This is a bold call to action led by the National Cancer Institute to accelerate
efforts to better prevent, diagnose, and treat cancer [26, 27]. The location
provides a framework and a sense of urgency to drive research forward and
accelerate the pace of discovery. In 2022, the US president set goals for
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several initiatives that have been launched with a revamp of the Cancer Moon-
shot program. It should be noted that cancer research on the ISS predates this
initiative by decades.

Initially, research aboard the ISS was focused on basic human biology and
long-term space habitation. However, the potential of biomedical research
became a focus for scientists developing hypotheses with microgravity in a
unique environment for studying cell growth, protein structure, and genetic
expression. Such studies were not possible to simulate on Earth. Cancer
research was relatively slow during the early ISS years. This was probably
due to the priorities of other biomedical areas of research. However, the
foundation was laid for future investigations by studying how cells behave
in microgravity [28–30].

In the early 2010s, cancer cell growth in microgravity became an
immense area of investigation. One of the early insights that led to cancer
research on the ISS was the observation that cells behave very differently
in microgravity. Cancer cells tend to form 3D tumor models (spheroids)
in space, mimicking their growth pattern in the human body, as described
previously. On Earth, cells tend to adhere onto 2D culture plates, which does
not replicate these cells’ natural growth environment. In the weightlessness
of space, cells grow into a more natural, 3D structure, making the ISS an ideal
environment to study cancer biology. These 3D models provide scientists
with a better understanding of tumor growth and response to treatments,
offering more realistic results as compared to Earth-based models.

In the mid-2010s, protein crystallization studies occurred in space flight.
Some of the first significant cancer-related studies involved the crystalliza-
tion of proteins involved in cancer. On Earth, proteins do not always form
high-quality crystals, which makes studying their structure challenging. In
microgravity, however, proteins can form larger, more ordered crystals, allow-
ing researchers to study their structures more effectively [31]. This helps
scientists to develop drugs that target specific proteins with greater precision.
Studies on proteins like KRAS, which is linked to multiple cancers including
pancreatic and lung cancers, were able to grow better-quality crystals in
space, showing insights into how these cancer-linked proteins function.

More recently, 3D tumor models have become an area of focus, primarily
from the 2010s–2020s. In 2017, the SpaceX CRS-10 resupply mission carried
the Protein Crystal Growth experiment to the ISS [28, 32]. The experiment
aimed to improve cancer drug development by leveraging microgravity to
better understand the structure of proteins tied to cancer. During that time,
scientists began to investigate how cancer cells behave in 3D in microgravity.



Advancing Science in Microgravity – Implications for Effective Therapies 9

As described previously, in space, cancer cells grow into organ-like structures
called organoids, providing an unprecedented model for tumor behavior.
These spheroids closely resemble the way tumors grow within the human
body, and how the tumors interact with surrounding tissues, offering insights
into tumor metastasis.

Since 2020, there have been several advances and groundbreaking
research. One of the more advanced research projects on the ISS involves
Angiex therapy, which is focused on targeting the blood vessels needed for
cancer cells to survive and metastasize [33]. By understanding how blood
vessel are formed in microgravity, researchers hope to develop therapies that
can cut off the blood supply to tumors to minimize nutrients.

The simple act of placing these human cancer cells in orbit causes
biochemical and molecular biological changes, mainly due to exposure to
microgravity. Cancer research in space has already demonstrated how cancer
cell exposure to microgravity could influence biological processes such as
proliferation, apoptosis, cell survival, adhesion, migration, the cytoskeleton,
the extracellular matrix, focal adhesion, and growth factors [34].

Advances are not limited to solid tumor therapy [35]. In a series of
studies involving acute myeloid leukemia (AML) cells, scientists have sent
leukemia samples to the ISS to study their growth pattern in microgravity.
They found that microgravity affected gene expression in the leukemia cells,
which could lead to the identification of new therapeutic targets and more
effective treatments [35].

Other scientists have performed the international cohort of nuclear work-
ers (INWORKS) study. The authors discovered that in addition of the
intensity and the type of ionizing radiation, the duration of the deep space
missions was a point of concern. They discovered that ongoing exposure to
very low doses of ionizing radiations can lead to an increased risk of both
chronic myeloid leukemia (CML) and acute myeloid leukemia (AML) [36].

An emerging frontier is framing microgravity as a drug testing platform;
one of the most exciting aspects of cancer research on the ISS is its potential
for drug testing. Cancer cells in microgravity sometimes behave differently
as compared to their terrestrial counterparts in culture, and drug interactions
can be studied in ways not possible on Earth. Microgravity offers a unique
environment to screen new anti-cancer drugs and test how they interact with
cancerous tissues in 3D models. A particular area of interest is chemotherapy
resistance [37]. Studying how cancer cells in space resist certain drugs
could help scientists find ways to overcome this resistance on Earth, making
emerging and existing treatments more effective.
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These striking advances also extend to overarching institutional and gov-
ernmental collaboration with NASA and other Space Agencies pioneering
novel relationships between these organizations. NASA has increasingly part-
nered with other research institutions, including the NCI and private research
organizations, to advance cancer research on the ISS. In 2023, the ISS
National Lab, in partnership with NASA’s Biological and Physical Sciences
Division, launched a new initiative called “Igniting Innovation: Science in
Space to Cure Disease on Earth” to support cancer research. This solicitation
offered up to $5 million in funding for multi-flight projects using the ISS to
advance research and technology [38]. Five innovative projects were selected,
showcasing the potential of space-based research to make significant strides
in cancer prevention, diagnosis, and treatment. These projects highlight the
effectiveness of collaboration in advancing cancer research.

Collaborative research studies take advantage of the ISS’s unique envi-
ronment to accelerate the discovery of new cancer treatments. The ISS is also
hosting experiments led by commercial space ventures and international part-
ners, further expanding cancer research efforts. For example, Space Tango
and Nanoracks, both private space research companies, have sent cancer-
related experiments to the ISS to explore how space can speed up the drug
development process [39].

Cancer research on the ISS is at an early stage with one of the most
promising areas, immunotherapy. In this area, the immune system is treated
to allow for effective targeting of the immune response against cancer cells.
Researchers are studying how immune cells function in microgravity and
whether space-based research can uncover new ways of making immunother-
apies more effective against cancers. Space-based studies of cancer cells and
tumor models are expected to advance personalized medicine. By understand-
ing how tumors respond to different conditions in space, scientists hope to
develop more individualized and effective treatments for patients based on
their specific cancer biology. To develop new drug delivery systems, scientists
are also working on methods to use the insights from ISS experiments to
improve drug delivery systems [40, 41]. For instance, space research might
lead to the development of nanoparticles or other technologies that can
more precisely deliver cancer drugs to tumors, enhancing treatment while
minimizing side effects.

Cancer research on the ISS has revolutionized our understanding of how
cancer cells grow, how they respond to treatments, and how we can develop
new, more effective therapies. The unique environment of space – particularly
microgravity – has allowed researchers to explore cancer in ways that are not
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possible on Earth, pushing the boundaries of both basic science and thera-
peutic development. With continued investment, space-based cancer research
may lead to major breakthroughs in the fight against one of humanity’s
deadliest diseases.

Radiation and DNA Damage Biomarkers

NASA’s Office of Biological and Physical Research recently funded a study
at Brookhaven National Laboratory to investigate how specific sections of
DNA, known as microsatellites, could be used to track radiation damage
over time [42]. Microsatellites are repetitive DNA sequences that can mutate
in response to various factors, including radiation. The study focused on
using microsatellites as indicators to measure personalized radiation expo-
sure and to develop more sensitive biomarkers to detect DNA damage.
The authors determined that certain long mononucleotide repeats (LMRs),
a type of microsatellite, were particularly effective in detecting radiation-
induced mutations [43]. This discovery paved the way for the development
of the OncoMate MSI Dx Analysis System, a test approved by the FDA
to detect microsatellite instability (MSI) in cancer cells. MSI-high tumors,
characterized by numerous changes in microsatellites, can indicate genetic
defects, such as those found in Lynch syndrome, which increases the risk of
various cancers [44]. The technology is now being used not only in the US
but also in Europe and other regions, expanding its diagnostic capabilities
and potential applications. The research underscores how NASA’s support of
scientific studies can lead to significant advancements in medical diagnostics
and treatment.

The Future of Space Exploration and Research in Space

As NASA and the World move towards privatized space companies, the plan
is to decommission the International Space Station and transition to private,
modernized environments. NASA has selected SpaceX as its deorbiting vehi-
cle to ensure that debris does not hit populated areas [45]. NASA hopes to
move forward from the ISS with the Artemis Program [46]. Established in
2017 in Space Policy Directive 1, under the 45th and 47th US president,
the program’s mission is to establish a permanent human presence on the
Moon, to be the foundation for future missions to Mars. More specifically,
the proposal for the Artemis Program called for the creation of the Lunar
Gateway (LG), the successor of the International Space Station. The LG will
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be the first-ever space station to be built above low-Earth-orbit (LEO). The
Artemis Program is a multi-year program aimed at landing the first woman
and the first person of color on the Moon. This mission will pave the way
for future human missions to Mars. The Artemis Program will use a variety
of new technologies, including the Space Launch System (SLS) rocket and
the Orion spacecraft. The SLS is the most powerful rocket ever built, and it
will be capable of sending astronauts to the Moon and beyond. The Artemis
Program could lead to the establishment of a permanent human presence
on the Moon. This would provide scientists with an opportunity to study
the Moon’s environment and resources in greater detail. It could also serve
as a stepping stone for future missions to Mars. Private companies such as
SpaceX, Blue Origin, Planet, Rocket Lab, Virgin Galactic, Axiom Space, and
Sierra Space could be involved in the future to establish commercial space
stations to replace ISS. Polaris Dawn, the first private spacewalk mission,
performed to better understand spaceflight-associated 36 diverse experiments
such as neuro-ocular syndrome (SANS), a condition in which astronauts
experience permanent changes, and even damage to their vision [47].

NASA still hopes to hold prominence in low-Earth-orbit through the
National Low Earth Orbit Research and Development Strategy [12]. In sum-
mary, the evolution of new space missions will increase the opportunities to
perform future science experiments to solve Earth’s health issues in space.
In conclusion, new technologies, such as artificial gravity generators and
nuclear propulsion will allow humans to live in space for extended periods
and explore beyond Earth’s boundaries [48]. By using artificial gravity, the
detrimental effects of microgravity will be mitigated, and the time in space
for important missions can be increased.
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